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a b s t r a c t
Iron–sulfur cluster-containing proteins are present in all living organisms and are considered to be very
ancient due to their ubiquity on the three domains of life, their importance in anaerobic metabolic path-
ways and energy conservation mechanisms. To date, there is little information regarding these proteins
in Acidithiobacillus ferrooxidans, a bacterium involved in bioleaching processes. In this study are described
the cloning, expression, puriﬁcation and spectroscopic characterization of a new Fe–S cluster-containing
protein, a putative HdrC homologue, from A. ferrooxidans strain LR. The oligomeric state of the protein
was assessed by both dynamic light scattering and size-exclusion chromatography, demonstrating that
it is present as a monomer in solution. Far-UV CD measurements revealed that this protein is extremelyhermal unfolding studies
eterodisulﬁde reductase
stable at acidic pHs, in which it assumes a different structure that exhibits a predominance of -helixes.
In contrast, at basic pHs, from 9 to 12, the protein showed a spectral proﬁle which is characteristic for
proteins with high content of beta structure and random coil. Thermal unfolding studies demonstrated
that this protein tolerates high temperatures at acidic conditions, with a melting temperature of 95 ◦C.
Furthermore, bioinformatics analysis suggested a heterodisulﬁde reductase function for the analyzed
ident
. ferroprotein and for the other
formate metabolism in A
. Introduction
Acidithiobacillus ferrooxidans, oneof themost studiedacidophilic
icroorganisms, was initially isolated from coal-mine waters. This
acteriummetabolizes iron- and sulfur-containingminerals to gain
nergy for growth [1]. Furthermore, the metabolic machinery of A.
errooxidans also includes anaerobic processes such as sulfur reduc-
ion, hydrogen oxidation [2–4], formate metabolism and nitrogen
xation [5]. A. ferrooxidans has great importance for industry, since
t can be used for recovering metals such as copper, uranium, gold
nd zinc from mining wastes and low-grade mineral resources [6];
urifying gases containing sulfur compounds [7] and treating acid
ine drainage [8].
The genome of the type strain, A. ferrooxidans ATCC 23270,as sequenced and annotated by TIGR (The Institute for Genomic
esearch), providing a framework for in silico metabolic recon-
truction that offers a valuable platform for gene discovery
nd functional prediction, helping to elucidate novel metabolic
∗ Corresponding author. Tel.: +55 16 3301 6677.
E-mail address: ossaster@gmail.com (D.M.H. Ossa).
359-5113© 2011 Elsevier Ltd.
oi:10.1016/j.procbio.2011.03.001
Open access under the Elsevier OA license.iﬁed subunits, HdrA and HdrB, which could be related to hydrogen and/or
oxidans.
© 2011 Elsevier Ltd.
pathways and to explain their role in acidic environments
[5].
Iron–sulfur proteins are present in all living organisms and have
a remarkable structural versatility, which is the basis for their
various functions, including electron transfer, oxidation–reduction
reactions, catalysis, sulfur and iron donors, substrate recogni-
tion, sensors for iron and oxygen and regulatory functions [9,10].
Regarding the Fe–S cluster-containing protein found in A. ferroox-
idans, there is little information available. It has been proposed
that the Iro protein participates in the iron respiratory electron
transport chain [11]. Nouailler et al. [12] and Zeng et al. [13] have
studied the participation of the high potential iron–sulfur protein
(HiPIP) in electron transfer from the bc1 complex to the termi-
nal oxidase. Huidan et al. [14] investigated the involvement of
IscA in the iron–sulfur cluster assembly encoded by the iscSUA
operon and Zheng et al. [15] have addressed a key role for adeno-
sine 5′-phosphosulfate reductase on the sulfate reduction and
Open access under the Elsevier OA license.the sulﬁde oxidation metabolic pathways, in the biological sulfur
cycle.
In this work, an HdrC subunit: an iron–sulfur cluster-containing
protein from A. ferrooxidans strain LR has been cloned, overex-
pressed, puriﬁed and biophysically characterized.
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. Materials and methods
.1. Fe–S cluster-binding protein gene cloning and sequencing
The A. ferrooxidans strain LR used in this work was isolated from an
fﬂuent of column leaching of uranium ore from Lagoa Real, State of Bahia,
razil [16–18]. The gene that encodes the Fe–S cluster-containing protein
as ampliﬁed by PCR from A. ferrooxidans LR puriﬁed genomic DNA, using
he following primers: 5′-ccggCATATGGCTATTCATGAA-3′ (forward) and 5′-
atAAGCTTTTAGCCATGATGCGC-3′ (reverse). These primers were designed, using
he A. ferrooxidans ATCC 23270 gene on locus AFE 2555 as a template, to generate
roducts with cohesive overhangs (underlined) for more efﬁciently cloning into the
xpression vector.
PCR products were cloned into the pET28a vector (Promega), resulting in the
lasmid pET28a-R. This vector has been designed for heterologous gene expression
n E. coli, and produces a protein with a tag of six histidines at the amino terminus,
hich aids on its puriﬁcation. The plasmidDNAwas isolatedwith the Quick Plasmid
iniprep Kit (Invitrogen), according to the manufacturer’s instructions. The gene
as digested from the plasmid with the restriction endonucleases NdeI and HindIII.
. coli DH5was used to propagate the recombinant plasmid, and E. coli BL21 (DE3)
ells were transformed and used for protein expression. The correct sequence of
he cloned gene was veriﬁed by DNA sequencing: the gene was sequenced (ABI-
rism3700, Applied Biosystems) and the predicted protein sequencewas submitted
o multiple alignment comparison in protein databases by using the NCBI Entrez
rotein sequence research, Clustal W, ExPASy Proteomic and the PROSITE motif
earch for identiﬁcation of functional regions.
.2. Expression
E. coli BL21 (DE3) cells containing the recombinant pET28a-R plasmid (10mL)
ere grown at 37 ◦C in 1 L of LB medium containing kanamicin (100mg/L) until the
D600 reached 0.8. Concentrations of 0.8mM IPTG and ferrous sulfate were added
nd growth continued, at room temperature, for approximately 22h. The cells were
arvested by centrifugation at 6000× g, 4 ◦C for 10min. The Fe–S cluster-binding
rotein was expressed in inclusion bodies in all conditions tested, at the different
emperatures. The protein extraction from the inclusion bodies was performed in
hree steps: (1) the cell pellet was suspended in lysis buffer 1 (50mM Tris–HCl, 5%
lycerol, 1mM PMSF, 1mM EDTA and 25% sucrose, pH 8.0), sonicated for 2min and
entrifuged; (2) the cell pellet obtained in (1)was suspended in lysis buffer 2 (50mM
ris–HCl, 5% glycerol, 100mM NaCl and 5mg lysozyme, pH 8.0); (3) extraction of
he recombinant protein was carried out in the presence of 8M urea.
.3. Protein puriﬁcation
The obtained protein was incubated in a Hi-Trap chelating column loaded with
i2+, and previously equilibrated with buffer (50mM Tris–HCl, 5% glycerol, 100mM
aCl, 20mM imidazole and 8M urea). The protein was eluted with an elution buffer
50mM Tris–HCl, 5% glycerol, 100mM NaCl, 500mM imidazole and 8M urea, pH
.0) and the eluted fractions were analyzed by SDS–PAGE [14]. As shown in Fig. 1,
he obtained protein purity was >95%. The puriﬁed protein fractions were folded by
uccessive dialysis against buffer (20mM Tris–HCl, 5% glycerol, 100mM NaCl, 2mM
ris (2-Carboxyethyl) Phosphine Hydrochloride, pH 8.0) with decreasing urea, con-
entration ranging from 6M to 0M. Protein concentration was determined reading
ig. 1. Expression and puriﬁcation analyses of the recombinant Fe–S cluster-
ontaining protein, from A. ferrooxidans LR, by SDS–PAGE (12%). Lane 1, molecular
eight marker (PageRulerTM Prestained Protein Ladder); lane 2, not induced frac-
ion; lane 3, induced fraction of cells carrying the vector pET28a-R after IPTG
nduction for 2h; lane 4, induced fraction of cells carrying the vector pET28a-R
fter IPTG induction overnight; lane 5, soluble fraction of cells carrying the vec-
or pET28a-R after IPTG induction; lane 6, insoluble fraction of cells carrying the
ector pET28a-AFE 2555 after IPTG induction; lane 7, lyses fraction; lane 8, puriﬁed
rotein fractions eluted from the column with 300mM imidazole.istry 46 (2011) 1335–1341
the absorption at 280nm and using the theoretical extinction coefﬁcient, calculated
on the basis of the protein amino acid composition [19].
2.4. Dynamic light scattering
After protein puriﬁcation and folding steps, a gel ﬁltration chromatography
HiLoad 26/60 Superdex 200 was realized. The monodispersity of the sample was
analyzed by dynamic light scattering, using the DynaProTM equipment for protein
solutions (Wyatt Technology Corporation). The protein concentration was 2mg/mL,
in 50mM Tris–HCl, pH 8.0, 150mM NaCl, at 25 ◦C. Hydrodynamic parameters were
obtained from the equipment’s software.
2.5. Protein identiﬁcation
The protein bands were excised and an in-gel trypsin digestion was performed
according to Hanna et al. [20]. A sample (4.5L) of the peptide mixture was sep-
arated by C18 (100m×100mm) RP-UPLC (nanoAcquity UPLC, Waters) coupled
with a nano-electrospray tandem mass spectrometry on a Q-TOF Ultima API mass
spectrometer (MicroMass/Waters) at a ﬂow rate of 600nL/min. The gradient was
0–80% acetonitrile in 0.1% formic acid over 45min. The instrument was operated in
the ‘top three’ mode, in which one MS spectrum is acquired, followed by MS/MS
of the top three most-intense peaks detected. The resulting spectra were pro-
cessed using Mascot Distiller v. 2.2.1.0, and Matrix Science v. 4.1 (MassLynx) and
searched against the human non-redundant protein database (NCBI) using Mascot,
with carbamidomethylation as the ﬁxed modiﬁcation, oxidation of methionine as
the variable modiﬁcation, one trypsin missed cleavage and a tolerance of 0.1Da for
both, precursor and fragment ions.
2.6. UV–vis scanning and EPR spectra
UV–vis spectrum scanning was carried out at 25 ◦C, on a Tecan Inﬁnite M200
spectrophotometer. The EPR (Electron Paramagnetic Resonance) spectroscopymea-
surements were carried out on a Bruker ELEXSYS E580 spectrometer, operating
at X-band. Temperature was controlled using an Oxford ITC503 cryostat system.
Experiments were set to achieve maximum signal-to-noise ratio without produc-
ing saturation and/or distortion of EPR signals. The experimental parameters were:
microwave power – 2mW; modulation amplitude – 6.0G; modulation frequency
– 100kHz, at 20K. Reduced and oxidized samples of the protein (73M) were
prepared in 10mM Tris–HCl buffer containing 100mM NaCl, pH 8.0. The oxidized
protein was obtained by incubation with 5mM ammonium persulfate for 30min.
2.7. CD spectroscopy analysis
The CD (circular dichroism) spectra were recorded in a Jasco J-810 spectropo-
larimeter equipped with a Peltier temperature control. The conformational changes
in the secondary structure of the protein in a pH range from 1 to 12 were analyzed
using Far-UV-CD measurements. The protein samples (typically 8.6M) were incu-
bated for 24h, 4 ◦C at different pHvalues (pHwas adjusted byHCl orNaOHaddition).
Far-UV-CDmeasurementswere obtained bymonitoring themean residue ellipticity
between195 and260nmand recordedusing 1mmpath length polarimetrically cer-
tiﬁed cells (Hellma). Molar ellipticity was calculated according to Corrêa and Ramos
[21].
Analysis of the protein’s secondary structure content, estimated from the Far-
UV spectrum at different pHs, was complemented using the CDNN (CD Spectra
Deconvolution Software) program. The protein’s secondary structure, estimated
from these amino acid residues’ sequence, was performed using the PHD (proﬁle
based neural network prediction of secondary structure) program predictions.
2.8. Thermal unfolding analysis
Far-UV-CD temperature scans of protein samples at different pH values (from 1
to 12) were recorded on a Jasco J-810 spectropolarimeter at temperatures ranging
from 10 to 110 ◦C, with a heating rate of 1 ◦C/min. The protein concentration used
for Far-UV CD was 8.6M, using a cell with path length of 1mm. Temperature scans
were recorded using a step resolution of 0.5 ◦C and a response time of 8 s. Detection
wavelengthswere208nmor222nm,dependingonwhichwavelengthwas themost
sensitive to temperature. Theapparentmidpoint transition temperature (Tm)at each
pH was determined by direct analysis of the spectroscopy signal vs. temperature,
and curve ﬁtting to a sigmoid transition.
3. Results and discussion
3.1. Sequence analysisThe Fe–S cluster-containing protein from A. ferrooxidans LR, dis-
plays a highly conserved motif typical of heterodisulﬁde reductase
(Hdr), more speciﬁc, the HdrC subunit, as shown by a BLAST anal-
ysis (sequence identity above 30%). As expected, cysteine residues
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Fig. 2. Sequence alignment of the Fe–S cluster-containing protein from A. ferrooxidans LR with Acidithiobacillus caldus ATCC 51756 (ACA 2420), Thioalkalivibrio sp. strain
HL EbGR7 (Tgr7 2212), Rhodobacter sp. SW2 (Rsw2 3300),Hyphomicrobium denitriﬁcansATCC 51888 (Hden 2630),Hydrogenivirga sp. 128-5-R1-1 (HG 18434),Hydrogenobac-
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olum sp. strain YO4AAS1 (HYO 1078) and Sulfolobus solfataricus 98/2 (Ssol 2103). The
mportant for the stability of the protein.
equired for Fe–S cluster-binding were fully conserved (Fig. 2);
oreover, several hydrophobic and polar residues are also con-
erved, and they are possibly involved in protein stability.
Furthermore, the BLAST alignment results showed orthologous
enes from several microorganisms that share either the same
nergetic substrate or the extreme environment, for example,
cidithiobacillus caldus and Sulfolobus solfataricus, which have been
ound in similar acidophilic environments [22,23]; thermophilic
icroorganisms from the order Aquiﬁcales such as the thermoaci-
ophilic species Hydrogenobaculum, which can oxidize hydrogen
nd sulfur [24]; Rhodobacter, which is a ferrous iron-oxidizer
nd can use H2, CO2, acetate and pyruvate as growth substrates
25]; Thioalkalivibrio, which is extremely tolerant to salt and uses
educed sulfur compounds (thiosulfate, sulﬁde, elemental sulfur
nd tetrathionate) as energy sources [26]; and Hyphomicrobium,
hichutilizesmethanol,methylamineand formate forgrowth [27].
he Hdr function has not been described for these organisms until
ow;however, the enzymatic characterization andmetabolic path-
ays involving H2, CO2, formate, methanol and acetate have been
tudied in methanogenic microorganisms [28,29].
Heterodisulﬁde reductase (Hdr) enzymes have been studied in
ethanoarchaea microorganisms grown in H2/CO2-rich environ-
ents. In suchconditions, theHdr reaction is involved ingenerating
n electrochemical ion gradient, essential for energy conserva-
ion in methanogens [28]. The proton translocation is coupled to
lectron transport pathways and ATP synthesis involving the Hdr-
atalyzed heterodisulﬁde. This reaction has been demonstrated
hen the electron donor was H2 [30] or CO2 [31].
In acidophilic microorganisms the pH across the cytoplasmicembrane is intrinsically linked to cellular bioenergetics, since it
s the major contributor to the proton-motive force (PMF). PMF is a
easurement of the cell membrane’s energized state as a result
f a charge separation between the cytoplasm and the externalboxes indicate the two sets of Fe-S binding residues Cys and other possible residues
milieu, created by the membrane potential and its pH gradient
[32]. When molecular hydrogen is present, the membrane-bound
F420-nonreducing hydrogenase forms channels by transferring
electrons, via the b-type cytochromes, to the heterodisulﬁde reduc-
tase, which reduces the terminal electron acceptor. This electron
transport system, referred to asH2, heterodisulﬁdeoxidoreductase,
is coupled to proton translocation across the cytoplasmic mem-
brane. These reactions, coupled to proton translocation, resulted
in electrochemical proton gradient, which is used for ATP synthe-
sis [33]. According to Valdés et al. [5] and Brasseur et al. [34], the
reverse electron ﬂow for production of NADH via oxidation of Fe(II)
inA. ferrooxidans is drivenacross themembraneby theprotonmotif
force (PMF), as a result from the acidic environment. A. ferrooxidans
can exploit the natural PMF to generate reducing power and cou-
ple it to redox reactions. Although this electron transport system
has not been fully described for A. ferrooxidans, it may also occur in
acidophilic microorganisms.
Besides HdrC, genes that encode the subunits HdrA and HdrB
of the heterodisulﬁde reductase enzyme were also found in the A.
ferrooxidans ATCC 23270 genome [35]. The amino acid sequence
encoded by the gene in locus AFE 2553, displays identities of
91%, 44% and 43% with HdrA from Acidithiobacillus caldus, Aquifex
aeolicus and Hidrogenivirga sp., respectively. The gene in locus
AFE 2554, annotated in the genome of A. ferrooxidans ATCC 23270
as heterodisulﬁde reductase subunit B, displays an identity of 58%
with the HdrB from both Hydrogenobacter thermophilus and Hidro-
genivirga sp.;moreover, it shows identity of 51%with theHdrB from
Sulfolobus solfataricus. Finally, the amino acid sequence encoded by
the gene in locus AFE 2555 shows high identity with HdrC, which
is a ferredoxin-like subunit HdrC that contains two binding motifs
for [4Fe–4S] cluster [36,37]. The three loci are located close in the
A. ferrooxidans’ genome, and in the related species, suggesting that
they might form an operon.
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Table 1
Identiﬁcation of the Fe–S cluster-containing protein codiﬁed from A. ferrooxidans LR by nano-electrospray tandem mass spectrometry (LC/MS/MS).
Sample Protein class Accession number Peptide sequence, m/z, z
Protein Iron–sulfur cluster binding gi|218666436 TLIDPDR, 830.4012, +2
LGLKAELMK+Oxidation (M), 1020.68, +3
YWIYLIR, 1027.56, +2
DVRPEGVMK, 1032.52, +3
TGEVLAEYVK, 1109.54, +2
MGMNVVFRPK, 1195.59, +2
QMTSKICNISSPYL, 829.3574, +2
IEDTEVMVGFFK, 1415.67, +2
DIIWQCVSCNK, 1423.66, +2
SWGKTGEVLAEYVK, 1568.86, +3
IEDTEVMVGFFKR, 1572.77, +3
ATAHWMEENGLTPK, 1592.68, +2
AGQPLVQAWIVEFGK, 1643.84, +2
DKDIIWQCVSCNK, 1666.74, +2
AGQPLVQAWIVEFGKR, 1799.98, +2
RAGQPLVQAWIVEFGK, 1801.05, +3
TLSTHFDEEFTHQCIEFGR, 2356.02, +3
AGQPLVQAWIVEFGKR, 1801.05, +3
TLSTHFDEEFTHQCIEFGR, 2357.2,+4
LQHDHLVIDGVDVSGSWNTMITPR, 2822.51, +4
TLTDYEEHFEEIIQSYSGGENVHR, 2853.29, +4
ILQHDHLVIDGVDVSGSWNTMITPR, 2806.52, +4
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3.4. CD spectroscopy analysis
Protein conformational changes induced by altering the net
charge through pH titrations were monitored using far-UV CD. Pre-.2. Expression and puriﬁcation
The best protein expression levels were obtained under
nduction with 0.8mM IPTG at 25 ◦C, overnight. However, the
ecombinant protein was found in the form of an inclusion body
Fig. 1). The presence of iron in the culture medium did not affect
he solubility and expression levels of the protein. The fraction con-
aining the protein displayed a brown color, which indicates the
resence of Fe–S clusters, even after the puriﬁcation and dialysis.
MS analysis of the recombinant protein indicated a molecular
eight around 29kDa, which is in agreement with the full-length
rotein in fusion with the N-terminal 6× His tag (Table 1). Pro-
ein identiﬁcation was carried out by LC–MS/MS and indicated
otal sequence coverageof theFe–Scluster-containingprotein from
. ferrooxidans ATCC 23270. Dynamic light scattering experiments
ndicated a monomeric state in solution for the recombinant pro-
ein, featuring a hydrodynamic radius of 2.8nm, as observed for
ther family members. The sample resulted in a very low polydis-
ersity, 11%, indicating its suitability for structural and biophysical
haracterization [38].
.3. UV–vis scanning and EPR spectra
TheUV–vis spectraof oxidizedand reduced forms for the recom-
inant Fe–S cluster-containing protein are shown in Fig. 3. The
pectra obtained are similar to the ones previously reported for
ron–sulfur cluster-containing proteins [11,39,40] that were char-
cterized by maximum absorption between 300 and 500nm, with
ajor absorption peaks at 330nm and 410nm. In this region, the
xidized protein exhibited an increase in the absorbance com-
ared to the reduced protein. Fig. 4 shows a typical EPR signal of
3Fe–4S]+1 cluster with g value of 2.019 for a protein sample in its
xidized state [41–44]. In the reduced state the protein exhibits no
PR signal. Though two binding motifs of [4Fe–4S] were predicted
or the bioinformatics analyses, only an [3Fe–4S] type cluster was
bserved. It is possibly that this cluster can be generated from a
Fe cluster [43]. In the other hand, the aerated puriﬁcation condi-
ions used in this work can make the [4Fe–4S] cluster to reversibly
hange by oxidation and loss of one ion iron to a [3Fe–4S] cluster,
s described for the inactive form of the aconitase [44].Fig. 3. UV–vis scanning of oxidized and reduced recombinant Fe–S cluster-
containing protein from A. ferrooxidans LR. The solid lane indicates the oxidized
protein and the dashed lane indicates the reduced protein. The inset shows the
difference of the spectrum at wavelength ranging from 300 to 500nm.Fig. 4. EPR spectra of oxidized and reduced recombinant Fe–S cluster-containing
protein from A. ferrooxidans LR. The solid lane indicates the oxidized protein and the
dashed lane indicates the reduced protein. EPR conditions were: temperature, 20K;
microwave power, 2mW; modulation amplitude, 6.0G; modulation frequency,
100kHz.
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oig. 5. Secondary structure prediction of the Fe–S cluster-containing protein from
epresent random coil structure. The prediction was performed with the PHD progr
iction of the secondary structure contents from the amino acid
esidue sequence, and at different pHs from far-UV CD spectra,
as calculated using the PHD and CDNN algorithms, respectively
Fig. 5). Notably, the protein displayed a gain of secondary structure
t lower pHs, indicating that the protein becomes more structured
n acidic conditions. Spectral proﬁle presented two relative mini-
ums, at 208nm and 222nm, and a relative maximum at 195nm,
hich is typically observed for-helical proteins (Fig. 6). However,
t basic pH values the protein gradually lost the -helical struc-
ure, characterized by a turn down of the minimum peaks at 208
nd 222nm, and the spectra deconvolution indicated an increase
f -sheet and random coil combinations (Fig. 7). These CD resultsrooxidans LR. Cylinders represent -helices, arrows represent -strands and lanes
were found to be consistent with predictions based on the use of
the CDNN program. The protein was not analyzed at pH 6–7 due
to the proximity of its isoelectric point (6.3), which can cause its
precipitation.
The prediction of the secondary -helical structure (Fig. 5) is in
accordance with the spectroscopic results, in which the protein is
high structured at acidic pHs. The analyzedprotein contains several
residues that confer stability to its structure at acidic pHs, such as
the conserved aromatic and polar residues G, W, V (Fig. 2), which
may grant the Fe–S cluster protection from solvents, by forming
H-bonds in the backbone and side chains, and making electrostatic
interactions with the cluster [12]. In addition, the protein contains
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2ig. 6. Far-UV circular dichroism spectrum of the Fe–S cluster-containing protein
rom A. ferrooxidans LR in acid pH range. The protein was previously incubated for
4h in the respective pH before each measurement.
ine prolines, which probably play an important role in the stabi-
ization of protein folding at acidic pHs [12,45,46]. However, other
tudies have concluded that proline residues could be involved in
roteins’ thermostability [47].
These results revealed that alkalinization was more destabi-
izing than acidiﬁcation, which could be related to the fact that
eriplasmic acid-stable proteins, with very high redox potentials,
re essential for A. ferrooxidans’ bioenergetic metabolism [12].
oreover, its putative Hdr function in methanogenic microorgan-
sms was also observed in the periplasm [48]. However, prediction
esults of protein analysis subcellular localization showed very low
dentity; therefore, is not possible to attribute any subcellular local-
zation.
.5. Effect of pH on thermal denaturation
The recombinant protein showed high thermo stability at acidic
Hs, ranging from 1 to 4, with a melting temperature of 95 ◦C
Fig. 8). At pH 5.0, the stability drastically decreased, with a delta
m of 40 ◦C, and surprisingly, at pHs higher than 10 its Tm presented
n average of 77 ◦C. Probably, this anomalous behavior is due to the
ig. 7. Far-UV circular dichroism spectrum of the Fe–S cluster-containing protein
rom A. ferrooxidans LR in basic pH range. The protein was previously incubated for
4h in the respective pH before each measurement.Fig. 8. pHdependence of the Fe–S cluster-containing protein fromA. ferrooxidans LR
melting temperature (Tm). Tm =96 ◦C (pH 1); Tm =97.5 ◦C (pH 2); Tm =99 ◦C (pH 3);
Tm =95.5 ◦C (pH 4); Tm =40 ◦C (pH 5); Tm =46 ◦C (pH 8); Tm =49 ◦C (pH 9); Tm =81 ◦C
(pH 10); Tm =74 ◦C (pH 11); Tm =75 ◦C (pH 12).
additive effects of several factors, such as an increasing number of
hydrogenbonds at the acidic pHsandnewelectrostatic interactions
of van der Waals contacts [39]. Despite the irreversibility of the
unfolding, no precipitates were observed. A similar thermal denat-
uration behavior has been reported for ferredoxins from various
hyperthermophilicmicroorganisms [39,49,50], and their unfolding
paths usually involve the formation of transient states in which the
polypeptide suffers conformational rearrangements to keep con-
tacts with the iron–sulfur clusters. Likewise, it is possible that the
presence of iron–sulfur clusters could be related with this protein’s
pH and thermal stability.
4. Conclusions
The HdrC subunit, a Fe–S cluster-containing protein from A.
ferrooxidans LR was overexpressed and puriﬁed. Spectroscopic
analysis indicated that the protein becomes predominantly -
helically structured in acidic pHs. Thermal unfolding studies
indicated a high thermal resistance and stability in acidic pHs with
a Tm around 95 ◦C. In basic pHs, large structural rearrangements
were observed, and the protein stability decreased with the addi-
tion of -sheet and random coil combinations. These results are in
full agreement with the secondary structure predictions. Bioinfor-
matics analysis predicted a heterodisulﬁde reductase function for
the protein, which has not yet been widely described in the genus
Acidithiobacillus. Hdr enzymatic activity studies could reveal alter-
native mechanisms of the energy conservation for A. ferrooxidans,
which will be very interesting to examine in future works.
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